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A dead layer without superconductivity, i.e., zero resistance and Meissner effect, commonly exists at
the interface between substrate and superconducting film. It is demonstrated that the dead layer can sig-
nificantly degrade the performance of superconducting devices at microwave frequencies. Knowing the
thickness of the dead layer, d4eaq, 1S necessary when using a two-coil mutual-inductance (TCMI) tech-
nique to measure the absolute value of the magnetic penetration depth, A, in superconducting films.
However, there is still no established method to determine dge,q in superconducting films. Here, we pro-
pose employing the TCMI technique to determine dge.q, based on a multilayered model in which the
dead layer is sandwiched between superconducting layer and substrate. Using this method, we find that
dgead = 43 £+ 10 nm for our superconducting FeSe films, in agreement with the absence of diamagnetism
for the 42-nm-thick film. With the dye,q determined, we accurately determine the absolute value of X in

superconducting FeSe films.
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I. INTRODUCTION

At the film-substrate interface of various functional
materials, e.g., ferromagnetic films [1-3], ferroelectric
films [4-6], and thermoelectric films [7,8], there com-
monly exists a dead layer, which exhibits distinct physical
properties from the normal layer. Particularly in super-
conducting films, an interfacial dead layer without zero
resistance and Meissner effect usually exists, possibly
due to lattice strains, defects, grain boundaries, off stoi-
chiometries, or other growth-related factors [9—13]. It was
demonstrated that this dead layer significantly enlarges
the effective microwave surface resistance of the systems
[10], thus hampering the performance of superconducting
devices [14]. Moreover, the thickness of the dead layer is
required when measuring the absolute value of the mag-
netic penetration depth, A, using techniques such as the
two-coil mutual-inductance (TCMI) technique [15,16] and
the scanning quantum interference device [17—19].

Until now, there is no established method to determine
the thickness of the dead layer in superconducting films,
although the scanning transmission electron microscopy
[11] and the spatially resolved electron energy-loss
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spectroscopy [20,21] can provide useful information by
detecting the deviation of crystalline structure, stoichiom-
etry, and valency at the film-substrate interface. Fortu-
nately, the diamagnetic response of superconductors can
deliver the information of the superconducting volume
fraction [22—24]. Hence, the thickness of the dead layer
could be measured in principle through magnetic measure-
ments. Among various magnetic measurement techniques
[19,25-28], the TCMI technique has intrigued increasing
attention for its simplicity and flexibility [12,15,16,29-36].
What is more, owing to its high sensitivity, the TCMI tech-
nique can even be used to detect the diamagnetic screening
effect of one single copper-oxygen plane [12] and the
monolayer FeSe film [37,38].

In this study, we propose employing the TCMI tech-
nique to determine the thickness of the dead layer in
superconducting films, based on a multilayered model in
which the dead layer is sandwiched between superconduct-
ing layer and substrate. A series of superconducting FeSe
films are fabricated and characterized to verify the validity
of the model.

II. MODEL

In general, a TCMI system consists of a drive coil
and a pickup coil, located on opposite sides of the
superconducting film, as shown in the inset of Fig. 1(a).

© 2022 American Physical Society
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FIG. 1. (a) The induced pickup coil voltage, V,,, as a function

of the Pearl penetration depth, A, calculated for films with d =
20 nm (black solid curve) and 100 nm (red dash curve) using the
FWC method [32]. The inset shows the schematic illustration of
the TCMI device. (b) Schematic of the SDS model.

A magnetic field is produced by the alternating current in
the drive coil, which generates an induced pickup coil volt-
age, V = Vi + iV, where V; and V), represent the in-phase
and out-of-phase components, respectively. When the film
enters the superconducting state, the magnetic field will be
screened [indicated by blue arrows in Fig. 1(a)], reflected
as a sudden drop of V.. As known, the intrinsic length scale
of the magnetic screening for a superconducting film is the
Pearl penetration depth [18,39],

A 222 n
P d >
where d is the thickness of the superconducting film.
Hence, it is reasonable to conclude that V, is determined
by A,.
To verify this point, the dependence of V, on A, for 5 x
5 mm? films with d = 20 nm and 100 nm are calculated

using the fast wavelet collocation (FWC) method as fol-
lows [32]. According to classical electrodynamics [40], the
Vy is determined by the currents, which contain two types
for the TCMI system. One is the current in the drive coil,
whose contribution to V. could be calculated based on the
coil parameters. In our case, the copper wire diameter is
40 pum, the inner diameter is 0.5 mm, the outer diame-
ter is 1.3 mm, the length is 1.6 mm, and the separation
between two coils is approximately 1 mm. The other is the
screening current density in the film, js, which relates to
A, through [41,42]

. sinh(,/2d/Ap) 2 Js(r)

s — =- Aq(r),

js(m + A /Qd r T fond a(r)
(2)

where 2 is the projection of the film on the x-y plane
(film surface), r = xX + y¥, uo is the vacuum permeabil-
ity, and A4 is the vector potential generated by the drive
current. Equation (2) is a two-dimensional Fredholm inte-
gral equation, which could be accurately solved by the
FWC algorithm [43—45]. More details for this procedure
could be found in previous work [32]. The calculation
results show that V, versus A, curves for films with dif-
ferent thickness are indeed identical [see Fig. 1(a)]. Thus,
one can extract A, from V, regardless of the film thickness.

Note that d in Eq. (1) represents the thickness of the
superconducting layer, which usually deviates from the
nominal film thickness, dyominal, due to the existence of the
dead layer. Therefore, we propose a simple multilayered
model in which the dead layer with thickness of dycaq is
sandwiched between superconducting layer and substrate
[see Fig. 1(b)], referred to as the superconducting layer-
dead layer-substrate (SDS) model below. In this case, A;l
can be expressed as

Al =

p = ﬁ(dnominal - ddead)- (3)

Equation (3) shows a linear dependence of A;l on dpominal s

of which the slope is 1/2A2 and the horizontal intercept is
dgeaq- Hence, one can obtain dge,q by fitting the experimen-
tal A>! data for a series of samples with different dyominal-
Additionally, A could be simultaneously determined as

A = dnominal jl ddead ) ( 4)
24,

It is worth mentioning that the linear dependence indi-
cated by Eq. (3) holds only for a fixed A. Considering
the scaling law between A and the superconducting critical
temperature, 7. [16,35,46,47], T. of samples with different
dnominal Should be the same when applying the SDS model
to extract dye.q. Besides, A[jl is directly proportional to
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the superfluid density, n; [16], thus dgeaq extracted using
the SDS model represents the thickness of the layer with
ny ~ 0.

Experimentally, in order to obtain samples with dif-
ferent dyominal, One can reduce the film thickness using
top-down techniques such as the Ar ion milling [10,48,49]
or the electrochemically etching technique [50]. However,
the etching process may change the T, of superconducting
films [50-53]. In this study, we carry out the bottom-up
synthesizing techniques to fabricate films with different

dnominal .

III. EXPERIMENTAL METHODS

The superconducting S-FeSe films are grown on (001)-
oriented LiF substrate with size of 5 x 5 mm? by the
pulsed laser deposition (PLD) technique with a 248-nm
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KrF excimer laser [54]. The substrates are covered com-
pletely by FeSe films. The FeSe polycrystalline target
is synthesized by the solid-state reaction method. The
laser repetition rate is 2 Hz, the base vacuum of depo-
sition chamber is 10~® Torr [55], the substrate tem-
perature is kept at 350°C, and the deposition rate is
approximately 300 nm h~!. By varying the deposi-
tion time, we fabricate a series of films with dhomina =
218,190,179,163,138,120,116,42, and 30 nm, respec-
tively (denoted as S1 to S9 below).

X-ray diffraction (XRD) patterns are measured using
a SmartLab diffractometer with a Ge (220) crystal
monochromator. The nominal film thickness, dpominal, 1S
characterized by a Hitachi SU5000 field-emission scan-
ning electron microscope (SEM). The atomic ratio of Fe
to Se is evaluated using the energy dispersive x-ray spec-
tra (EDX) in the same SEM. The resistance is measured

SU5000 10.0 kV 5.6 mm x90.0 k SE(L)

60 T T T T T T T T

(d)

T(K)

FIG. 2. Crystalline structure, cross-section image, electrical transport property, and diamagnetic response of the typical supercon-
ducting FeSe film. (a) Out-of-plane XRD pattern. (b) SEM cross-section image. (c) Temperature-dependent resistance. (d) Temperature
dependence of the induced pickup coil voltage. The black and red curves represent the in-phase and out-of-phase components of the

pickup coil voltage, respectively.
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in a four-terminal configuration. The magnetic measure-
ments are achieved using a homemade TCMI device
[22,24,32,56]. A Stanford Research SR830 lock-in ampli-
fier is used to supply an alternating current to the drive
coil. The current amplitude is 0.2 mA and the frequency
is 50 kHz, producing an approximately 90 4T magnetic
field at the film center. The induced pickup coil voltage,
V ="V, +1iV,, is measured by the same lock-in amplifier
with a reference phase of 90°.

Figure 2 summarizes the characterization results of one
typical FeSe film with dyomina = 179 £ 10 nm [see the
SEM cross-section image in Fig. 2(b)]. The high-quality
(007)-orientated growth is verified by the XRD 6-26 scan,
as shown in Fig. 2(a). The temperature-dependent resis-
tance depicted in Fig. 2(c) shows T, ~ 8 K, which is
consistent with the onset temperature of the diamagnetic
response in V, [see the black curve in Fig. 2(d)]. The V,,
shows a clear dip around 7., whose full width at half max-
imum is less than 0.9 K [see the red curve in Fig. 2(d)],
indicating good film homogeneity [33].

IV. RESULTS AND DISCUSSION

A. Diamagnetic response of FeSe films with different
nominal thickness

In order to verify the validity of the SDS model, we mea-
sure the temperature dependence of the induced pickup coil
voltage for FeSe films with different dyomina Using a home-
made TCMI device, as shown in Fig. 3(a). For S1 to S7,
the strong diamagnetic response emerges at 7., indicating
large superconducting volume fractions. By contrast, the
diamagnetism is extremely weak for S8 (dyomina = 42 nm)
and completely vanishes for S9 (dyomina = 30 nm). This
indicates low superconducting volume fractions for S8 and
S9, suggesting that dge,q is about 40 nm for our FeSe films.

Then, the temperature-dependent A, of S1 to S9 is
extracted using the FWC method. Considering that A, for
S8 and S9 is almost infinite, we show only the data of S1
to S7 in Fig. 3(b).

B. Pearl penetration depth versus nominal thickness

Figure 4(a) presents A;I(T = 3.6 K) versus dpominal Of
FeSe films. For S1 to S7, the data show a clear linearity,
which is consistent with the prediction of the SDS model
[see Eq. (3)]. Note that, the change of T, for these films is
less than approximately 1 K [see Fig. 3(a)], satisfying the
condition for employing the SDS model to determine dgeaq.
We extract dgeaq through the linear fit, which is 43 £ 10 nm
[see the shadow region in Fig. 4(a)], in agreement with the
vanished diamagnetism for S8 and S9 [see Fig. 3(a)].

In addition, we use Eq. (4) to calculate the temperature-
dependent A of S7 with dje,q =0 nm (i.e., ignoring
the dead layer, black circles) and 43 nm (red circles),
respectively. Two curves exhibit non-negligible deviations
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FIG. 3. Temperature dependence of (a) the in-phase com-

ponent of the pickup coil voltage and (b) the Pearl pen-
etration depth for FeSe films with different domina. The
films are denoted as S1 to S9, corresponding to dpominal =
218,190, 179,163, 138, 120, 116,42, and 30 nm, respectively.

below T,, as shown in Fig. 4(b). Furthermore, we obtain
A(T — 0) by fitting the low-temperature data using the
nodeless gap formula [33,57,58]:

-2
ﬂ ~1= Ce—D/t’ (5)
A72(0)
where C is a constant, D is proportional to the minimum
gap value, and ¢t = T/T,. As shown in the inset of Fig. 4(b),
MT — 0) = 830 nm for dgeaq = 0 nm, and A(T — 0) =
660 nm for dgeag = 43 nm. In other words, ignoring the
dead layer may bring an error of approximately 25%.
Actually, the largest error when determining A using
the TCMI technique comes from the dead layer [16,30].
In previous reports, the widely used solution is a grow-
ing complex interfacial buffer layer to suppress the dead
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FIG. 4. (a) A,'(T=3.6 K) versus dnomina 0f FeSe films.
The dashed line is the linear fit to the data of S1 to S7, giv-
ing dgead = 43 = 10 nm. The shadow region indicates where
the superconductivity vanishes. (b) The temperature-dependent
magnetic penetration depth of S7 calculated with dgeaq = 0 nm
(black circles) and 43 nm (red circles) using Eq. (4). Gray curves
represent nodeless gap fittings using Eq. (5).

layer through advanced synthesis techniques, such as the
atomic layer-by-layer molecular beam epitaxy [12,16].
Here, we emphasize that one can easily achieve high-
accuracy A measurements using the SDS model, promising
high-efficiency superconductivity research [59—61].

C. Possible origin of the dead layer in FeSe films

Finally, we investigate the possible origin of the dead
layer in FeSe films grown on LiF substrates. We present
the normalized resistance, R(7T)/R(295 K), versus tem-
perature for films with different dyomina in Fig. 5(a).
It is shown that the metallicity of films [quantified as
R(295 K)/R(20 K) (black triangles) in Fig. 5(b)] decreases
rapidly around 40 nm. Meanwhile, the relative atomic ratio

and Fe:Se (relative atomic ratio of Fe to Se with respect to S1)
with dpomina- The gray curve is a guide for eye.

of Fe to Se with respect to S1 (denoted as Fe:Se, red
triangles) revealed by EDX shows the same tendency with
R(295 K)/R(20 K), as depicted in Fig. 5(b). The reduced
metallicity combined with the Fe deficiency for small-
thickness films is reminiscent of the Fe vacancies induced
insulativity in previous reports [24,62]. Moreover, it is
demonstrated that the superconductivity of FeSe bulk can
be destroyed by minute changes in stoichiometry [13,63].
Therefore, we conclude that the Fe deficiency near the
FeSe-LiF interface plays a dominant role in the formation
of the dead layer.

V. CONCLUSIONS

In summary, we employ the two-coil mutual-inductance
technique to determine the thickness of the dead layer,
dead, In superconducting films, based on the superconduct-
ing layer-dead layer-substrate model. In order to check the
model, we fabricate and characterize a series of super-
conducting FeSe films with different nominal thickness.
It is found that dje,q = 43 & 10 nm for our FeSe films,

054034-5



RUOZHOU ZHANG et al.

PHYS. REV. APPLIED 17, 054034 (2022)

in agreement with the absence of diamagnetism for the
42-nm-thick film. Using this noncontact method, one can
easily measure dge,q in superconducting films. Moreover,
the accurate value of the magnetic penetration depth, A, can
be simultaneously obtained, avoiding an error of approxi-
mately 25% from the dead layer. Our study provides an
efficient method to measure A in superconducting films,
conducive to exploring the scaling law between A and T,
in unconventional superconductors [22,64,65].
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